wo 2012/020278 A1 |00 0K 0O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization: /g 1IN I AN VAV 00 VK OV 1
International Bureau S,/ )
(43) Int tional Publication Dat \,'/_ S (10) International Publication Number
nternational Publication Date NETS
A
16 February 2012 (16.02.2012) PCT WO 2012/020278 Al

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
G11C 7/10 (2006.01) G11C 16/26 (2006.01) kind of national protection available): AE, AG, AL, AM,
G11C 11/56 (2006.01) HO3M 13/09 (2006.01) AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
G11C 16/10 (2006.01) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
. . DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN. HR. HU. ID. IL. IN. IS. JP. KE. KG. KM. KN. KP
PCT/IB2010/002245 KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(22) International Filing Date: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
9 September 2010 (09.09.2010) NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
. . SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

(25) Filing Language: English TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
61/373,669 13 August 2010 (13.08.2010) Us GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
(71) Applicant (for all designated States except US): SAN- TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
DISK IL LTD. [IL/IL]; 7 Atir Yeda St., Kfar Saba 44425 EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(IL). LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK,

(72) Taventors; and SM, TR), OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ,

(75) Inventors/Applicants (for US only): SHARON, Eran GW., ML, MR, NE, SN, TD, TG).
[IL/IL]; Hadagan 16 Apartment 1, 5493 Rishon Lezion Declarations under Rule 4.17:
E%g ALROD, Idan [IL/IL]; Haeshel 70, 46643 Herzliya of inventorship (Rule 4.17(iv))

[Continued on next page]

(54) Title: DATA CODING USING DIVISIONS OF MEMORY CELL STATES

100 (57) Abstract: Data storage devices and methods to encode and decode

4 data using divisions of memory cell states are disclosed. A method in-

130 cludes dividing data bits into disjoint multiple groups of data bits and stor-

ing the data bits into a plurality of memory cells. The storing is done by

10 16 setting each of the plurality of memory cells to a corresponding state se-

Request o read Group of lected from at least three ordered states. For each of the multiple groups of

group of data i data bis data bits, when a request is received for reading a particular group of the

\ ’ 102 data bits, the request is serviced by selecting a disjoint division of the at

l Data Storage Devies / least three ordered states of the memory cells into a first set of states and a

Controller - second set of states. Each of the states in the first set of states has a higher

pecoderusing nformalion | 7™ e position than any of the states in the second set of states according to the

into two sels of states order of the states. For each cell of the plurality of memory cells, a deter-

mination is made whether the cell is in the first set of states or the second

AT ra————. ——— set of states. Based on the determination, the partipular group of the data

{e.g. st seto = slates O and 1, Cellindex: | (1 #2 13 - i bits is generated in response to the request for reading the particular group

second setd = sales above | Mecedr-g of the data bits without use of additional data that depends upon a state of
/ 120 one of the memory cells.

r

142 I

Non-volatile Memory
e.9. Flash Memor
(eg y) 122

Group of Cells 124

Y.
Cell state \I\ @

Cellindex 1 i1 i+2 i+3 N

[~ 126

FIG. 1



WO 2012/020278 A1 W00 ) 00O 0RO T

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2012/020278 PCT/IB2010/002245

-1-
DATA CODING USING DIVISONS OF MEMORY CELL STATES

FIELD OF THE DISCLOSURE

The present disclosure is generally related to encoding and decoding data stored in memory cells.

BACKGROUND

Flash memory device may store multiple bits of data per memory cell by programming each cell to one of
multiple states. For example, multi-level cell (MLC) flash memory can store three bits per cell using
eight states per cell, four bits per cell using sixteen states per cell, or larger numbers of bits per cell.
Although storing multiple bits per cell enables high-density operation, multiple sensing operations may be
required to determine which state each cell is in, increasing a read latency of the MLC flash memory. To
illustrate, in a three-bit MLC flash memory, seven sensing operations may be preformed to identify a state
of each cell. In contrast, data may be read from a single-level cell (SLC) flash memory using a single
sensing operation. However, SLC flash memories have a lower storage density than MLC

implementations.
SUMMARY

Systems and methods of encoding and decoding data using divisions of memory cell states are disclosed.
These coding methods enable fast reading from high density MLC flash memories, allowing usage of
such cost efficient memories in applications which require low reading latency and high random read
performance. Multiple groups of data bits may be stored in memory cells that are each programmed to
have one of multiple possible states. Each group of data bits may encoded and stored at the memory cells
to be retrieved based on whether each cell has a state that is in a first set of the possible states (e.g. states
0-1 for a two-bit cell having states 0, 1, 2, or 3) or in a second set of the possible states (e.g. states 2-3 of
the two-bit cell). When reading the memory cells, a data storage device may decide how to divide the
states into the first set and the second set based on which group of data bits is to be read from the memory
cells. Data may be generated based on a single reading of the cells. For example, data may be generated
after reading a wordline of flash memory cells using a single sensing operation with a single comparison

voltage.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of a data storage device in communication with a host device in which the data

storage device decodes information based on divisions of cell states;

FIG. 2 is a diagram of a system to encode and decode data based on indices of cells corresponding to

particular cell states;

FIG. 3 is a diagram of a system to encode and decode data based on indices of cells corresponding to

divisions of cell states;

CONFIRMATION COPY



10

15

20

25

30

WO 2012/020278 PCT/IB2010/002245

-2-

FIG. 4 is a diagram of a particular embodiment of disjoint divisions of cell states;

FIG. 5 is a diagram of a first embodiment of a decode operation at the decoder 112 of FIG. 1;

FIG. 6 is a diagram of a second embodiment of a decode operation at the decoder 112 of FIG. 1;

FIG. 7 is a diagram of a data storage device in communication with a host device in which the data

storage device encodes information based on divisions of cell states;

FIG. 8 is a flow diagram of a particular embodiment of a method of decoding data based on disjoint

divisions of cell states;

FIG. 9 is a flow diagram of a particular embodiment of a method of decoding data in a group of cells that

includes selecting a read threshold for sensing each of the memory cells; and

FIG. 10 is a diagram of a particular embodiment of an encode operation at the encoder 712 of FIG. 7.

DETAILED DESCRIPTION

Referring to FIG. 1, an illustrative embodiment of a system is depicted and generally designated 100. The
system 100 includes a data storage device 102 coupled to a host device 130. The data storage device 102
includes a decoder 112 that uses information based on a division of cell states into two sets of states to
read information stored in a non-volatile memory 120. By using information based on the division of cell
states into two sets of states, the data storage device 102 enables efficient reading of data from the non-
volatile memory 120. For example, the data storage device 102 can be configured to read data in the non-

volatile memory 120 using a single sense operation of cells within the non-volatile memory 120.

The host device 130 may be a device that is configured to be operatively coupled to the data storage
device 102, such as a mobile telephone, a music or video player, a personal digital assistant (PDA), a
gaming device, an electronic-book reader, a camera, a computer (such as a laptop or notebook computer),
any other electronic device, or any combination thereof. The host device 130 is configured to send a
request 140 to the data storage device 102 to read a group of data bits. After sending the request 140, the
host device 130 is conﬁgured to receive the requested group of data bits 146 from the data storage device
102.

The data storage device 102 includes a controller 110 configured to control an interface to the host device
130 and to perform management of the non-volatile memory 120. For example, the data storage device
102 may be a memory card, such as a Secure Digital SD® card, a microSD® card, a miniSD.TM card
(trademarks of SD-3C LLC, Wilmington, Delaware), a MultiMediaCard. TM (MMC.TM) card (trademark
of JEDEC Solid State Technology Association, Arlington, Virginia), or a CompactFlash® (CF) card
(trademark of SanDisk Corporation, Milpitas, California). As another example, the data storage device
102 may be embedded memory in the host device, such as eMMC® (trademark of JEDEC Solid State

Technology Association, Arlington, Virginia) and eSD, as illustrative examples.
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The non-volatile memory 120 includes a representative group of cells 122. For example, the non-volatile
memory 120 may be a flash memory, and the group of cells 122 may include a plurality of flash memory
cells that are accessible via a single word line. The group of cells 122 is illustrated as each cell having a
state 124 that is one of an ordered set of available states for the cell and having a cell index 126 associated
with the cell. For example, the cell with cell index illustrated as “I” has a cell state illustrated as state “1”.
The cell with cell index “i + 1> has a cell state “0,” and the cell with cell index “i + n” has a cell state “2.”
The cell states may correspond to threshold voltages of flash memory cells in a multi-level cell (MLC)

implementation, as described in further detail in FIG. 4.

The decoder 112 is configured to respond to the request 140 to read the group of data bits by selecting a
division of cell states corresponding to the group of cells 122. The decoder 112 may send a read
instruction 142 to the non-volatile memory 120 to read state information of the cells in the group of cells
122. For example, the decoder 112 may determine that a first set of states (set “C”) of the group of cells
122 may be state 0 and state 1, while a second set of states (set “D”) may include all states above state 1,
such as state 2, state 3, and any available states ordered higher (i.e. having a higher position in the order
of states) than state 3. The read instruction 142 is sent to the non-volatile memory 120. A sensing
operation may be performed that determines whether each cell in the group of cells 122 corresponds to
the first set (C) or the second set (D). For example, the sense operation may include selecting a read
threshold voltage for a voltage sensing operation, where the read threshold voltage &eﬁnes whether a cell
corresponds to the first set of states (state 0 or state 1), or corresponds to the second set of states (in state 2
or higher).

Cell index and set information 144 is returned to the controller 110. The cell index and set information
144 may represent whether, for each particular cell in the group of cells 122, the particular cell is in the
first set of states (C) or the second set of states (D). For example, the cell index and set information 144
indicates that the cell with index i is in set C, the cell with index i + 1 is in set C, and the cell with index i
+ 2 isin set D. The decoder 112 is configured to decode the cell index and state information 144 and to

generate the group of data bits 146 that is provided to the host device 130.

As an example, the data storage device 102 may include a flash memory implemented as a solid state
drive (SSD) or memory for mobile applications that provides high random input/output (1/0)
performance. The data storage device 102 may therefore use an efficient scheme for programming and
reading of small chunks of data (e.g. 0.5 kilobytes (KB) — 4KB) from random addresses (e.g. reading
from starting addresses that are aligned to 0.5KB boundaries). The non-volatile memory 120 may be
implemented using high density Multi-Level Cell (MLC) memories for cost efficiency, such as using
three-bit (eight cel]'levels) or four-bit (16 cell levels) MLC flash technologies.

Conventionally, each physical page, corresponding to a wordline (WL), in an MLC flash stores log2(M)
logical pages of data, where M is the number of levels to which each cell is programmed. For example, a

three-bit MLC flash cell is programmed to 8 levels and a WL for a three-bit MLC flash stores 3 logical
pages.
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In order to allow fast reading of the non-volatile memory 120 (e.g. a MLC flash), the data storage device
102 reduces the number of sense operations that are performed in order to retrieve requested data. To
illustrate, conventional interleaved coding schemes where data is encoded into a codeword which is
spanned over all the logical pages of the wordline (WL) may be inefficient because M-1 sense operations
need to be used for retrieving any data chunk (even 0.5KB) since the data is encoded on all M states.
More efficient conventional coding schemes for random reading may include non-interleaved or semi-
interleaved coding schemes where the basic data chunk (e.g. 0.5KB or 1KB) is encoded over a single
logical page, allowing its retrieval with only (M-1)/1og2(M) sense operations on the average (i.e. faster by

a factor of log2(M) compared to an interleaved coding scheme).

In contrast to conventional interleaved, semi-interleaved, or non-interleaved schemes, the data storage
device 102 provides even faster random reading by enabling reading of small data chunks using only a
single sense operation. Data reads from the non-volatile memory 120 may be faster by a factor of M-1
compared to an interleaved coding scheme and faster by a factor of (M-1)/log2(M) compared to non-

interleaved and semi-interleaved coding schemes.

The data storage device 102 implements a coding scheme where data is divided into M-1 equal (or
possibly non-equal) portions to encode the j-th portion of the data (j = 1, 2,..., M-1) in the indices of the
cells that will be "on" when a single sense operation is performed between the j-1 and the j states (e.g.
MLC cell programming levels). This way, each 1/(M-1) portion of the data can be read using a single

sense operation.

The coding scheme implemented by the data storage device 102 is referred to herein as a “True Random
10” (“TRIO”) coding scheme. The TRIO coding scheme for an MLC Flash with M programming levels
may encode the first 1/(M-1) portion of the data in the indices of the cells that will be "on" when a sense
operation is performed between levels 0 and 1, the second 1/(M-1) portion of the data in the indices of the
cells that will be "on" when a sense operation is performed between levels 1 and 2, the third 1/(M-1)
portion of the data in the indices of the cells that will be "on" when a sense operation is performed
between levels 2 and 3, and so on until the (M-1)-th portion of the data is encoded in the indices of the

cells that will be "on" when a sense operation is performed between levels M-2 and M-1.

Such a coding scheme can be shown to have a one-to-one mapping from information sequences to cell
level sequences such that any information sequence is encodable, and that there exists a decoding
procedure that enables recovery of the information sequence from the encoded cells sequence. This can
be shown through a reduction from the problem of multiple programming of an OTP memory. One Time
Programmable (OTP) memories are configured so that each cell can store a single bit and can be
programmed only once from an erased state ("1") to a programmed state ("0"). Once a cell is programmed
it cannot change its state anymore. Such a memory can model a punch card, where information is

programmed to the card by punching holes in it, optical OTP media, or flash OTP media (e.g. EROM).
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It is known in the art of coding that a coding scheme (“OTP coding scheme”) exists that allows
programming of k bits into n cells of an OTP memory t times, if n > k*t/log2(t). Thus, an overhead of n/k
= t/log2(t) is sufficient to ensure the possibility to write k bits into n cells t times. This overhead is
conjectured to be a tight estimate of the minimal required overhead only for large values of t. For small
values of t the estimate may be pessimistic. For example, for t =2, there exists a coding scheme that

requires an overhead of only ~1.2938, which is smaller than t/log2(t) = 2.

For example, an OTP coding scheme may enable writing k bits into n cells of a punch card t times. LetI;
denote the information written in the j-th time and Cj denotes the sequence of "holes" punched into the
punch card cells in the j-th time, respectively. A programming and reading procedure of the punch card

for t=3 may be implemented in the encoding and decoding system 200 illustrated in FIG. 2.

The system 200 of FIG. 2 includes a first encoder 202, a second encoder 204, and a third encoder 206 that
program data to a group of n cells 208. A first decoder 212, a second decoder 214, and a third decoder
216 decode information read from the n cells 208. Data bits 230 are divided into disjoint multiple groups
of data bits 232, 234, and 236. The first encoder 202 stores the first group of data bits 232 to the cells 208
using a first encoding C1. The first decoder 212 can read the cells 208 and generate a first group of
decoded data bits 242 according to the first decoding C1.

The second encoder 204 stores the second group of data bits 234 to the cells 208 using a second encoding
C2. The second encoding C2 may only program cells that were not programmed by the first encoder 202
and does not erase any programmed cell (e.g. continuing the punch card analogy, the second decoder 204
may punch new holes but may not “un-punch” existing holes). The second decoder 214 can read the cells

208 and generate a second group of decoded data bits 244 according to the second decoding C2.

The third encoder 206 stores the third group of data bits to the cells 208 using a third encoding C3 that
may only program cells that were not programmed by the first encoder 202 or the second encoder 203 and
does not erase any programmed cell. The third decoder 216 can read the cells 208 and generate a third

group of decoded data bits 246 according to the third decoding C3.

A reduction can be made from the problem of multiple programming of an OTP memory to the problem
of TRIO coding. The same or a similar coding scheme described above for programming k bits into n
OTP memory cells t times may be used to implement a TRIO coding scheme for an MLC flash with M =
t+1 programming levels. For example, to program K bits into an MLC WL, the K bits may be divided
into t subsets each of size k = K/t. An OTP-type coding scheme may be used to encode each subset of k
bits, where the "holes" punched into the punch card in the j-th programming step (j = 1, 2,..., t=M-1) are
replaced by the label "M-j", representing an MLC flash cell that is programmed to the (M-j)-th level.
After encoding the t subsets of k bits into a sequence of programming levels, cells that have not yet been
assigned any programming level are assigned with the level "0" (i.e. an erase level of the MLC flash).
Encoding each subset of k bits results in a valid assignment of programming levels to all the cells, and the

WL can be programmed accordingly.
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To read the j-th subset of k bits, a single sense operation can be performed between programming levels
M-j-1 and M-j. The result of this reading is a binary vector, from which the k bits of information can be
recovered by using the decoding scheme of the OTP memory. The programming and reading procedures

according to the TRIO coding scheme are illustrated in Figure 3, for an MLC Flash with M = 4.

The reason for assigning the label "M-j" during the j-th programming step (as opposed to the label "j”) is
related to a probability distribution that may be induced over the programming levels when using an OTP
coding scheme. An OTP coding scheme tends to increase the fraction of cells that are programmed from
one programming step to the next. Hence, by assigning the programming levels along the programming
steps from high to low a distribution is induced over the programming levels, in which high levels are less
probable than low levels. In flash memories such a "shaping" of the distribution may tend to induce less

cell wearing and less program disturb effects.

Figure 3 illustrates a system implementing a TRIO coding scheme for programming 3*k bits into n cells
of a flash with M=t+1=4 programming levels. The system 300 of FIG. 3 includes a first encoder 302, a
second encoder 304, and a third encoder 306 that program data to a wordline 310 with n cells of M=4
levels. A first decoder 312, a second decoder 314, and a third decoder 316 decode information read from
the n cells of the wordline 310. Data bits 330 are divided into disjoint multiple groups of data bits 332,
334, and 336. The first encoder 302 stores the first group of data bits 332 to the n cells of the wordline
310 using a first encoding C1 that either leaves each cell in an erased state or programs the cell to level 3.
The second encoder 304 stores the second group of data bits 334 to the n cells of the wordline 310 using a
second encoding C2. The second encoding C2 may only program cells that were not programmed by the
first encoder 302 to level 2 and does not erase any programmed cell. The third encoder 306 stores the
third group of data bits to the n cells of the wordline 310 using a third encoding C3 that may only
program cells to level 1 that were not programmed by the first encoder 302 or the second encoder 303 and

does not erase any programmed cell.

Thé first decoder 312 can read the n cells of the wordline 310 and generate a first group of decoded data
bits 342 according to the first decoding C1 by performing a sense operation at a threshold level between
levels 2 and 3. The second decoder 314 can read the n cells of the wordline 310 and generate a second
group of decoded data bits 344 according to the second decoding C2 by performing a sense operation at a
threshold level between levels 1 and 2. The third decoder 316 can read the n cells of the wordline 310
and generate a third group of decoded data bits 346 according to the third decoding C3 by performing a
sense operation at a threshold level between levels 0 and 1. FIG. 3 illustrates a result of each sensing
operation as information about whether each cell has a state higher than the threshold (illustrated as the

cell containing an “O”) or a state lower than the threshold (indicated as the cell not containing an “O”).

An OTP code or TRIO code may be implemented as a coset code. Each information sequence can be
represented by multiple codewords. Based on the codeword which was programmed in the previous
programming step, a valid codeword can be chosen for the current programming step, i.e. a codeword

may be selected in the current programming step whose support set contains the support set of the
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codeword programmed in the previous programming step. The support set of a codeword may be the set

of cells programmed to "0."

A simple example of a coset code is shown in Table 1 and Table 2 for illustrative purposes
(implementation of a coset code, such as by the data storage device 102 of FIG. 1, would include
significantly longer codewords for increased efficiency). The example code can be used for programming
k = 2 bits into n = 3 cells of an OTP memory t = 2 times. Alternatively, the example code can be used for
implementing a TRIO coding scheme for an MLC flash with M = t+1 = 3 programming levels. The
TRIO coding scheme will allow programming K = k*t =4 bits into n = 3 MLC cells with M = 3 levels,
such that each set of k = 2 bits can be recovered using a single sense operation. The first k=2 bits can be
recovered by sensing between levels 2 and 1. The second k=2 bits can be recovered by sensing between

levels 1 and 0.

Table 1 illustrates a code used in a first programming:

Information Code
00 011
01 101
10 110
11 111

Table 2 illustrates a coset code used in a second programming:

Codeword in first programming
Information

011 101 110 111
00 011 100 100 100
01 010 101 010 010
10 001 001 110 001
11 000 000 000 111

As Table 2 illustrates, each information sequence is represented by multiple codewords. An appropriate

codeword is chosen according to the codeword that was programmed during the first programming.



10

15

20

WO 2012/020278 PCT/IB2010/002245

-8-

Table 3 illustrates an encoding table as an example of the encoding of Tables 1 and 2 for a flash memory
having M=3 programming levels (represented as 0, 1, and 2). Two sets of two bits are programmed into

three cells, such that each two bits can be read using a single sense operation.

Table 3: Encoding flash based on Tables 1 and 2

First set of information bits

Second set of 00 01 10 11

information bits

00 200 021 012 011
01 201 020 102 101
10 210 120 002 110
11 211 121 112 000

Table 4: Decoding flash using single sense operation

Read codeword 011/100 010/101 001/110 000/ 111

Decoded information 00 01 10 11

As an example, a first set of two bits = (1 0) and a second set of two bits = (1 1). Using table 3, the states
(1 1 2) are programmed into a flash memory. For example, state “0” may correspond to a lowest
threshold voltage range of a flash memory cell, state “1”” may correspond to an intermediate threshold
voltage range , and state “2” may correspond to a highest threshold voltage range. Programming the
states (1 1 2) includes programming a first cell to state “1,” a second cell to state “1,” and a third cell to

state “2.”

In order to read the first two bits, a sense operation can be performed between state 1 and state 2 to
determine whether the cell has a threshold voltage above state 1 (read as a “0” output) or below state 2
(read as a “1” output). The sense operation between states 1 and 2 of the cells programmed to (1 1 2)
results in a “110” output that is decoded as “10” (see Table 4). In order to read the second two bits, a

sense operation is performed between states 0 and 1 to produce a “000” output that is decoded as “11.”

The simple code described in Tables 1-4 is not efficient because it is very short. For example, when used
as a TRIO code, it allows programming only K = k*t = 4 bits into n = 3 MLC cells, to store only 4/3 =
1.333 bits per cell. However, the theoretic capacity of an MLC cell with M=t+1 = 3 levels is log2(M) =
1.585 bits per cell.
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A longer code can be more efficient. A general idea of constructing an efficient OTP/TRIO code can be
to build a set of coset codes one on top of the other. In each stage a code book can be “built” on top of
each of the codewords of the previous stage coset code, such that the support set of each new codeword
contains the support set of a codeword or codewords from the previous stage coset code. Codewords may
be selected that have as few "0’s" as possible, while still allowing representation of each of the 2"k
information sequences. Codewords with a reduced number of "0’s" may enable further programming of

the memory cells, as an increased number of the cells remain "erased.”

For example, in the case of a MLC flash with M = t+1 = 3 levels, asymptotic analysis shows that an
efficient TRIO coding scheme based on a long coset code can allow programming K = k*t = k*2 bits into
n MLC cells, where n = 1.2398*k. Hence, 2*k/n = 2/1.2938 = 1.5458 bits per cell may be programmed,
providing an improvement over the 1.333 bits per cell of the example code of Tables 1 and 2. The
theoretic achievable density with M = 3 programming levels of 1.585 bits per cell may be unattainable
when the TRIO coding scheme introduces inherent "shaping" over the distribution of probabilities to
program each programming level, making it non-uniform. However, the reduced storage density as
compared to the theoretical maximum may be compensated by other benefits because the induced

distribution "shaping" may result in reduced cell wearing and reduced program disturb effects.

Referring to FIG. 4, a particular embodiment of disjoint divisions of cell states that may be used by the
systems of FIGs. 1 and 3 is depicted and generally designated 400. A representative set of cell states is
illustrated via a cell voltage distribution (CVD) for a multi-level cell (MLC) having four available states,
indicated as state 0 410, state 1 412, state 2 414, and state 3 416. The states 0-3, 410-416 form an ordered
set of states 418. For example, the order of the set of states 418 corresponds to a threshold voltage of the
cells within each state 410-416. A distribution curve is illustrated indicating a number of cells having the
particular threshold voltage values within each state 410-416 in a representative memory device.
Although four states are illustrated in FIG. 4, in other embodiments fewer than four states may used or

more than four states may be used.

Each state 410-416 may be identified by applying a sense operation using a comparison voltage that
substantially corresponds to a midway point between neighboring states. For example, a sense operation
may be performed that compares a cell threshold voltage to a first single comparison voltage 490 that
occurs at roughly 0 volts (V). Cells having threshold voltages of less than the first single comparison
voltage 490 may be identified as being in state 0 (e.g. an erased state) 410, while cells having threshold
voltages higher than the first single comparison voltage 490 may be identified as being in any of states 1-

3 (e.g. programmed states) 412-416.

A sense operation using the first single comparison voltage 490 results in a first disjoint division of states
420 into one set of states (A) and another set of states (B). For example, set A includes state 0,
represented as A (0), and set B includes state 1, state 2, and state 3, designated as B (1, 2, 3). Each ofthe
states in set B (a first set of states) has a higher position than any of the states in set A (a second set of

states) according to the order of the states. Performing a single sense operation that compares each cell’s
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threshold voltage to the first single comparison voltage 490 generates information indicating whether

each cell has a state in set A or in set B, corresponding to the first disjoint division of states 420.

A sense operation using a second single comparison voltage 492 results in a second disjoint division of
states 422 into sets C and D. For example, set C includes state 0 and state 1, represented as C (0, 1), and
set D includes state 2 and state 3, designated as D (2, 3). Performing a single sense operation that
compares each cell’s threshold voltage to the second single comparison voltage 492 generates information
indicating whether each cell has a state in set C or in set D, corresponding to the second disjoint division

of states 422.

A sense operation using a third single comparison voltage 494 results in a third disjoint division of states
424 into sets E and F. For example, set E includes state 0, state 1, and state 2, represented as E (0, 1, 2),
and set F includes state 3, designated as F (3). Performing a single sense operation that compares each
cell’s threshold voltage to the third single comparison voltage 494 generates information indicating

whether each cell has a state in set E or in set F, corresponding to the third disjoint division of states 424.

FIG. 5 depicts a particular embodiment of the decoder 112 of FIG. 1. The decoder 112 in the illustrated
embodiment receives the cell index and set information 144, as described in FIG. 1, and may initiate a
decode operation 502. In one embodiment, the decode operation 502 may include performing a look-up
operation at a codebook 504. The codebook 504 may include multiple coset codes 512. The decode
operation 502 may include selecting a particular coset code of the multiple coset codes 512 and using the
selected coset code to decode the cell index and set information 144 to generate the requested group of
data bits 510.

In another embodiment, the decode operation 502 may be performed according to a probabilistic coset
coding scheme, such as by providing the cell index and set information 144 to probabilistic coset code
reconstruction circuitry 506. The probabilistic coset code reconstruction circuitry 506 may generate the
requested group of data bits 510. For example, a probabilistic coset coding scheme may be based on
iterative methods and may combine error correction codes within the coset code. In yet another
alternative embodiment, the decode operation 502 may be performed according to an algebraic coset
coding scheme, such as by using algebraic coset code reconstruction circuitry 508. The algebraic coset
code reconstruction circuitry 508 may decode the cell index and set information 144 to generate the
requested group of data bits 510. Examples of probabilistic and algebraic coset coding are described in
U.S. Provisional Patent Application No. 61/100,732 and U.S. Patent Application, Serial Number

12/567,771, the contents of each of which are expressly incorporated by reference herein in their entirety.

Although the decoder 112 is illustrated as containing each of the codebook 504, the probabilistic coset
code reconstruction circuitry 506, and the algebraic coset code reconstruction circuitry 508, other
embodiments of the decoder 112 may include only one, two, or none of the codebook 504, the
probabilistic coset code reconstruction circuitry 506, or the algebraic coset code reconstruction circuitry
508.
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TRIO coding solutions described with respect to FIGs. 2-5 have been based on an OTP reuse coding
scheme because knowing the theoretical bounds on the achievable efficiency of an OTP reuse coding
scheme enables existence of efficient TRIO coding schemes to be demonstrated. However, OTP reuse
coding is “harder” than TRIO coding. In the OTP scenario the overall K = t*k bits are not available
simultaneously and at each programming stage only k bits are provided. In contrast, in the TRIO scenario
all the K bits are available simultaneously. Hence, simpler coding solutions for the TRIO scenario may

exist that are not applicable to the OTP reuse scenario.

For example, the TRIO coding implementation may be similar to a multiple access channel coding. M-1
data streams, each of k bits, "cdmpete" over n cells. The first encoded data stream tries to program some
cells to level M. The second encoded data stream tries to program some cells to level M-1, ... and so on
until the last encoded data stream tries to program some cells to level 1. The cells which were not
programmed by any of the encoded data streams remain "erased" i.e. at level 0. However, there may be
collisions, as two or more encoded data streams may try to program the same cell to different
programming levels. Collisions may be acceptable in implementations that allow errors caused by the

collisions. One reason that errors may be acceptable is that the encoded data streams have redundancy.

To illustrate, in an example system that achieves the cell's theoretical capacity and stores log2(M) bits per
cell, a word line of n cells stores K = n*log2(M) bits. According to a TRIO coding scheme the K bits are
divided into M-1 subsets of k bits (where each subset is encoded separately). Hence, k = K/(M-1) =
n*log2(M)/(M-1). The j-th subset of k bits is encoded into a binary vector of length n which indicates
which cells are to be programmed to level M-j. Hence the code rate is R = k/n = n*log2(M)/(M-1)/n =
log2(M)/(M-1). As M increases, the code rate becomes lower (i.e. the encoding includes more
redundancy). As M increases, therefore, a TRIO encoding scheme may be able to accommodate more

errors caused by more collisions.

Such increased redundancy may be used for error correction and may also be used to control a probability
of "1"s in the encoded length n binary vector (where "1"s indicate that the cell is programmed to the
desired level). To have a uniform distribution over the programmed levels, the fraction of "1"s may be set
to 1/M. Hence, the available redundancy may be divided between distribution "shaping” and error
correction (for dealing with collisions). Optimal allocation of the redundancy may be determined by
analysis. In addition, locations of the collision may be taken into account when encoding, similar to a

"dirty paper" coding prbblem and usage of coset coding.

FIG. 6 depicts an embodiment of the decoder 112 for such an encoding scheme that allows collisions.
The decoder 112 receives cell index and set information 144 and initiates a decode operation 602. The
decode operation 602 may not include decoding a coset code as illustrated in FIG. 5 and may instead
include providing the cell index and set information 144 to an error correcting code (ECC) engine 604.
For example, the cell index and set information 144 may be provided to the ECC engine 604 as a data
word having a bit for each cell with a binary value 0 when the cell has a state in a first set of states and

binary value of 1 when the cell has a state in a second set of states. The binary word may be provided to
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the ECC engine 604, which may perform a conventional ECC operation to recover the requested group of
data bits 610.

In contrast to decoding the index and set information 144 according to a coset encoding, as illustrated in
FIG. 5, the decode operation 602 may send a data word to the ECC engine 604 having bit values that
correspond to sets of states of the read memory cells. For example, a data word “0110...” sent to the
ECC engine 604 may indicate that, when a single sense operation is performed to a group of cells, the cell
having index 0 corresponds to a first set of states, the cell having index 1 corresponds to a second set of
states, the cell having index 2 corresponds to the second set of states, the cell having index 3 corresponds
to the first set of states, continuing with a bit value for each cell. The ECC engine 604 may process the

data word and generate decoded data corresponding to a requested group of bits.

Referring to FIG. 7, an illustrative embodiment of a system is depicted and generally designated 700. The
system 700 includes a data storage device 702 coupled to a host device 730. The data storage device 702
includes an encoder 712 that encodes information to be stored in a multi-level cell (MLC) memory 720
based on selecting indices of memory cells to be programmed to each particular programming level of
each of multiple disjoint groups of data bits independent of other groups of data bits. For example, the
data storage device 702 can be configured to write data to the MLC memory 720 as representations of
multiple groups of data bits that can each be read using a single sense operation of cells within the MLC

memory 720, such as described with respect to the decoder 112 of FIG. 1.

The data storage device 702 includes a controller 710 configured to control an interface to a host device
730 and to perform management of the MLC memory 720. For example, the data storage device 702 may
be a memory card, such as a Secure Digital SD® card, a microSD® card, a miniSD.TM card (trademarks
of SD-3C LLC, Wilmington, Delaware), a MultiMediaCard. TM (MMC.TM) card (trademark of JEDEC
Solid State Technology Association, Arlington, Virginia), or a CompactFlash® (CF) card (trademark of
SanDisk Corporation, Milpitas, California). As another example, the data storage device 702 may be
embedded memory in the host device, such as eMMC® (trademark of JEDEC Solid State Technology

Association, Arlington, Virginia) and eSD, as illustrative examples.

The MLC memory 720 includes a representative plurality of memory cells 722, including a representative
cell 750. Each cell of the plurality of memory cells 722 may be accessible via a single common word line
752 of a memory array. For example, the MLC memory 720 may be a non-volatile memory such as a
flash memory, and the plurality of memory cells 722 may include a plurality of flash memory cells that
are accessible via the single word line 752. The plurality of memory cells 722 is illustrated as each cell
having a state 724 that is one of an ordered set of available states for the cell and having a cell index 726
associated with the cell. For example, the cell with cell index illustrated as “i” has a cell state illustrated
as state “2”. The cell with cell index “i + 1” has a cell state “2,” and the cell with cell index “i +n” has a

cell state “1.” The cell states may correspond to programming levels of flash memory cells.
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The encoder 712 is configured to receive data bits 740 and to divide the data bits 740 into disjoint
multiple groups of data bits 754. For example, if the MLC memory 720 enables setting each memory cell
to one of M states, the encoder 712 may divide the data bits 740 into M-1 groups of data bits including a
first group of data bits 756 and a M-1st group of data bits 758.

For each particular group of the multiple groups 754, the encoder 712 may be configured to select an
index of each memory cell of the plurality of memory cells 722 that is to be programmed to have a first
response to a single sense operation corresponding to the particular group, the first response distinctive
from a second response corresponding to each memory cell having a non-selected index. For example, a
single sense operation performed at the plurality of memory cells 722 may use a single comparison
voltage, such as the second single comparison voltage 492 of FIG. 4, to distinguish the indices of memory
cells having state “0” or “1” from the indices of memory cells that are programmed to state “2” or “3.”
The cells having state “2” or “3” may have a first response to the single sense operation indicating a

“1”

threshold voltage greater than the comparison voltage (e.g. a logical response to the sense operation)
and the cells having state “0” or “1” may have a second response to the single sense operation indicating a

threshold voltage less than the comparison voltage (e.g. a logical “0” result to the sense operation).

The memory cells having the selected indices may be programmed to, or above, a particular programming
level that corresponds to the particular group. For example, a cell corresponding to the M-1st group of
data bits 758 may be programmed to state “1,” or may be programmed to state “2” or “3” based on
whether the index is also selected for programming to encode one of the other groups of data bits.
Although FIG. 7 illustrates programming the memory cells having the selected indices to, or above, a
particular programming level that corresponds to the particular group, in other implementations the
memory cells having the selected indices may be programmed to, or below, the particular programming

level.

The selected indices of the memory cells for each particular group of data bits correspond to a
representation of the particular group of data bits. The selection of cells to program to the particular state
may depend on other groups of data bits. For example, in the coset coding approach shown in FIG. 3, the
second group of data bits 12 334 is encoded into codeword C2 (i.e. a representation of the second group of
data bits 334) which selects the cells that will be programmed to the state >= 2. This selection does not
depend only on the second group 12 334 — it also depends on codeword C1 (which is a function of the first
group of data bits 11 332). In other words, codeword C2 is selected from a set of codewords as a
representation of the second group 12 334, but from this set of codewords the codeword C2 is selected

having a support set that includes C1, and C1 is a function of the first group of data bits I1 332.

As illustrated in FIG. 7, the first group of data bits 756 is associated with a highest programming level
770. For example, each cell may be in an erase state or may be programmed to/above/below a first
programming level, to/above/below a second programming level, or to/above/below a third programming
level, such as the illustrated states 410-416 of FIG. 4. The encoder 712 may determine which cell indices

correspond to cells that are to be programmed to/above/below the M-1 or highest programming level for
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the first group of data bits 756, such as programming level “3” when M=4. The encoder 712 may
determine which cell indices correspond to cells that are to be programmed to/above/below the M-2 or
second highest programming level for a second group of cells, and continue until the encoder 712 has
determined which cell indices correspond to cells to be programmed to/above/below the first or lowest

programming level 772 for the M-1st group of cells 758.

The encoder 712 may be configured to select the indices according to a coset encoding scheme, such as
described with respect to FIG. 3 and Tables 1-4. Each particular memory cell may be set to the erased
state or is programmed to a highest programming level determined for the index of the particular memory
cell. To illustrate, a cell with index i+2 that is selected to have the programming level “3” for encoding
the first group of data bits 756 will also be selected to have the programming level “2” for a second group
of data bits (not shown) and to have the programming level “1” for the M-1st group of data bits 758. The

cell with index i+2 will therefore be set to the highest programming level “3.”

Alternatively, the encoder 712 may be configured to select programming levels corresponding to cell
indices for each disjoint group using an encoding scheme that allows “collisions” between the multiple
groups 754. For example, a particular cell index may be designated to have programming level “3” when
encoding the first group 754 and to be in an erase state when encoding the M-1st group 758. Such
collisions may be resolved by using redundancy when encoding the data bits 740 as described with

respect to FIG. 6.

The controller 712 is configured to send cell index and programming level information 742 to store the
data bits 740 at the MLC memory 720. The MLC memory 720 is configured to program the memory
cells according to the selected indices. As illustrated, a cell with index “i" is programmed to a
programming level “2,” a cell with index “i+2” is programmed to a programming level “3,” and a cell

with index “i+3” is set to an erase state “0.”

The data stored in the MLC memory 720 is therefore stored in a manner such that each of the multiple
groups 754 is retrievable using a single sensing operation at the wordline 752, as described with respect to
FIG. 1. Read latency may be comparable to SLC-type memory devices and the data storage device 702

may be suitable for high-speed random access memory applications.

FIG. 8 depicts a particular embodiment of a method of decoding data based on disjoint divisions of cell
states. The method includes dividing data bits into disjoint multiple groups of data bits, at 802. For
example, the data bits may be received from the host device 130 of FIG. 1 and the controller 110 may
divide the data bits (e.g. the data bits 330 of FIG. 3) into disjoint multiple groups, such as the groups 332,
334, and 336 of FIG. 3.

The data bits are stored into a plurality of memory cells, at 804. For example, all memory cells of the
plurality of memory cells may be accessible via a single common word line of a memory array. The

storing is done by setting each of the plurality of memory cells to a corresponding state selected from at
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least three ordered states. For example, the storing may be performed as described with respect to

programming the wordline 310 of FIG. 3.

A determination may be made whether a request, such as the request 140 of FIG. 1, has been received for
reading a particular group of the multiple groups, at 806. For each of the multiple groups of data bits,
when a request is received for reading a particular group of the data bits, the method includes servicing
the request by selecting a disjoint division of the at least three ordered states of the memory cells into a
first set of states and a second set of states, at 808. Each of the states in the first set of states has a higher
position than any of the states in the second set of states according to the order of the states. For example,
the first set of states may be the set B (1, 2, 3) and the second set of states may be the set A (0) of the first
disjoint division of states 420 of FIG. 4.

Servicing the request also includes, for each cell of the plurality of memory cells, determining whether the
cell is in the first set of states or the second set of states, at 810. As an illustrative example, the memory
cells may be flash memory cells, and the states of the memory cells are ordered according to a threshold
voltage of each of the memory cells. In this example, determining whether each cell is in the first set of
states or the second set of states may be accomplished by performing a single sensing of the plurality of
memory cells. The single sensing may include selecting a single comparison voltage and comparing a
threshold voltage of each of the memory cells to the single comparison voltage, at 812. For example,
cells may be determined to have a state in set A or set B by performing a sense operation using the first

single comparison voltage 490 of FIG. 4.

Servicing the request also includes, based on the determining of whether each of the cells is in the first set
of states or the second set of states, generating the particular group of the data bits in response to the
request for reading the particular group of the data bits without use of additional data that depends upon a

state of one of the memory cells, at 814. To illustrate, the group of data bits may be generated by

performing the single sensing operation without performing any additional sensing operations. To

illustrate, after performing a sense operation using the first single comparison voltage 490 to determine
which cells correspond to set A and which cells correspond to set B, the group of data bits may be
generated without performing any other sense operations to attain further information about the state of
the cells (e.g. the data bits are generated without knowledge of which cells in set B are in state 1, state 2,

or state 3).

A decoding operation may be initiated to decode information representing whether, for each particular
cell in the particular group, the particular cell is in the first set of states or the second set of states at 816.
For example, the decoding operation may be performed according to a probabilistic coset coding scheme
or an algebraic coset coding scheme, such as by providing cell index and set information to the
probabilistic coset code reconstruction circuitry 506 or the algebraic coset code reconstruction circuitry
508 of FIG. 5. As another example, the decoding operation may include performing a codeword lookup
at a codebook. To illustrate, the codebook may store multiple coset codes, such as the codebook 504 of

FIG. 5. A codeword lookup may include selecting a particular coset code of the multiple coset codes
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based on the particular group of the data bits that is requested, such as conceptually explained with

respect to the simple coset code of Tables 1 and 2.

By generating any of the groups of data bits stored in the memory based on a single sensing operation, a
high-density multi-level cell memory may be read at a much faster speed than conventional multi-level

cell memories that require (on average) multiple sensing operations per group of bits that are read.

Fig. 9 depicts an embodiment of a method of decoding data in a group of cells that includes selecting a
read threshold for sensing each of the memory cells, such as the group of cells 122 of FIG. 1. The method
may be performed at a memory including a group of multiple multi-level cell (MLC) memory cells, such
as the non-volatile memory 120 of FIG. 1. All memory cells of the group of memory cells may be

accessible via a single common word line of a memory array.

A request for reading first data stored in the group of cells may be received, at 902. In response to the
request for reading the first data, a first threshold is selected from a plurality of available read thresholds,
at 904. For example, the data storage device 102 may receive a request 140 from the host device 130 for
first data stored at the group of cells 122. The first data may correspond to the first group of data bits 332
of FIG. 3 that are encoded based on whether each cell is in states 0-2 or is in state 3. The controller 110
of FIG. 1 may select the third single comparison voltage 494 of FI1G. 4 from the available voltages 490,
492, and 494 to read the group of cells 122.

Each of the memory cells in the group is sensed using the selected first threshold, at 906. Based on the
sensing using the first threshold, the requested first data is recovered, at 908. For example, the requested
first data may be recovered via one or more coset decoding techniques described with respect to FIG. 5 or
via decoding of a code that allows collisions and using an ECC engine, as described with respect to FIG.
6. The requested first data is recovered without use of additional data that depends upon a state of one of

the memory cells.

A second request for reading second data stored in the group of cells may be received, at 910. The second
data is different than the first data. In response to the second request, a second threshold is selected from
the plurality of available read thresholds, at 912. The second threshold is different than the first threshold.
For example, the second data may correspond to the second group of data bits 334 of FIG. 3 that are
encoded based on whether each cell is in states 0-1 or is in states 2-3. The second single comparison

voltage 492 of FIG. 4 may be selected from the available voltages 490, 492, and 494.

Each of the memory cells in the group is sensed using the selected second threshold, at 914. Based on the
sensing using the second threshold, the requested second data is recovered. For example, the requested
second data may be recovered via one or more coset decoding techniques described with respect to FIG. 5
or via decoding of a code that allows collisions and using an ECC engine, as described with respect to
FIG. 6.
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Thus, a single threshold voltage may be selected from a number of available threshold voltages to recover
each requested group of data bits from a group of memory cells. Any of the groups of data bits stored at
the cells can be recovered via a single sensing operation using the selected threshold voltage for the

requested group of data bits. As a result, high-density storage with low read latency is enabled.

In a particular implementation, the memory cells may be flash memory cells. The states of the memory
cells may be ordered according to a threshold voltage of each of the memory cells. For example, a state

“1’7

“0” may correspond to a lowest range of threshold voltages, a state may correspond to a next lowest
range of threshold voltages, and positions of subsequent states in the order of states may similarly be
based on threshold voltages, with higher positions in the order of states corresponding to higher threshold
voltages, such as illustrated in FIG. 4. A determination of whether each cell in the group is in a first set of
states or a second set of states may be made by performing a single sensing of the group of memory cells.
The single sensing may include selecting a single comparison voltage and comparing a threshold voltage

of each of the memory cells in the group to the single comparison vol'tage.

A decoding operation may be initiated to decode information representing whether, for each particular
cell in the group, the particular cell is in the first set of states or the second set of states. For example, the
decoding operation may be performed according to a coset code, such as a probabilistic coset code or an
algebraic coset code. As another example, the decoding operation may include performing a codeword
lookup at a codebook. To illustrate, the codebook may store multiple coset codes, and the codeword
lookup may be performed by selecting a particular coset code of the multiple coset codes based on

whether the read data or the second read data is requested.

FIG. 10 depicts a particular embodiment of a method of encoding data. The méthod 1000 may be
performed by an encoder for a MLC memory, such as the encoder 712 of FIG. 7. Data bits are divided
into disjoint multiple groups of data bits to be stored into memory cells, at 1002. Each of the memory
cells may be configurable to have an erased state or to be programmed to one of multiple programming

levels. For example, the memory cells may be in the MLC memory 720 of FIG. 7.

For each particular group of the multiple groups, an index is selected of each of the memory cells that is
to be programmed to have a first response to a single sense operation corresponding to the particular .
group, the first response distinctive from a second response corresponding to each of the memory cells
having a non-selected index, where the selected indices correspond to a representation of the particular

group of data bits, at 1004 The memory cells are programmed according to the selected indices, at 1006.

For example, selecting the indices may be performed according to a coset encoding scheme, and each
particular memory cell is set to the erased state or is programmed to a highest programming level
determined for the index of the particular memory cell. As another example, selecting the indices may be
performed using an encoding scheme that allows “collisions” between programming levels resulting in
contradictory programming levels assigned to a single cell for different groups. Such collisions may be

resolved via redundancy in the data stored to the ML.C memory, as described with respect to FIG. 6.
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Although various components depicted herein are illustrated as block components and described in
general terms, such components may include one or more microprocessors, state machines, or other
circuits configured to enable the data storage device 102 to perform the particular functions attributed to
such components, or any combination thereof. For example, the decoder 112 may represent one or more
physical components, such as hardware controllers, state machines, logic circuits, or other structures to
enable the data storage device 102 of FIG. 1 to generate data bits based on determining whether cells are

in a first set of states or in a second set of states.

In a particular embodiment, the data storage device 102 may be a portable device configured to be
selectively coupled to one or more external devices. However, in other embodiments, the data storage
device 102 may be attached or embedded within one or more host devices, such as within a housing of a
portable communication device. For example, the data storage device 102 may be within a packaged
apparatuslsuch as a wireless telephone, a personal digital assistant (PDA), gaming device or console, a
portable navigation device, or other device that uses internal non-volatile memory. In a particular
embodiment, the data storage device 102 includes a non-volatile memory, such as a flash memory (e.g.,
NAND, NOR, Multi-Level Cell (MLC), Divided bit-line NOR (DINOR), AND, high capacitive coupling
ratio (HiCR), asymmetrical contactless transistor (ACT), or other flash memories), an erasable
programmable read-only memory (EPROM), an electrically-erasable programmable read-only memory

(EEPROM), a read-only memory (ROM), a one-time programmable memory (OTP), or any other type of

" memory.

The illustrations of the embodiments described herein are intended to provide a general understanding of
the various embodiments. Other embodiments may be utilized and derived from the disclosure, such that
structural and logical substitutions and changes may be made without departing from the scope of the
disclosure. This disclosure is intended to cover any and all subsequent adaptations or variations of
various embodiments. Accordingly, the disclosure and the figures are to be regarded as illustrative rather

than restrictive.

The above-disclosed subject matter is to~ be considered illustrative, and not restrictive, and the appended
claims are intended to cover all such modifications, enhancements, and other embodiments, which fall
within the scope of the present disclosure. Thus, to the maximum extent allowed by law, the scope of the
present invention is to be determined by the broadest permissible interpretation of the following claims

and their equivalents, and shall not be restricted or limited by the foregoing detailed description.
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WHAT IS CLAIMED IS:

1. A method comprising:

dividing data bits into disjoint multiple groups of data bits;

storing the data bits into a plurality of memory cells, wherein the storing is done by setting each of the
plurality of memory cells to a corresponding state selected from at least three ordered states;

for each of the multiple groups of data bits, when a request is received for reading a particular group of
the data bits, servicing the request by:

selecting a disjoint division of the at least three ordered states of the memory cells into a first set of states
and a second set of states, wherein each of the states in the first set of states has a higher position than any
of the states in the second set of states according to the order of the states;

for each cell of the plurality of memory cells, determining whether the cell is in the first set of states or
the second set of stétes; and

based 6n said determining, generating the particular group of the data bits in response to the request for
reading the particular group of the data bits without use of additional data that depends upon a state of one

of the memory celis.

2. The method of claim 1, wherein the memory cells are flash memory cells, wherein the states of the
memory cells are ordered according to a threshold voltage of each of the memory cells, and further
comprising determining whether each cell is in the first set of states or the second set of states by

performing a single sensing of the plurality of memory cells.

3. The method of claim 3, wherein the single sensing includes selecting a single comparison voltage and

comparing a threshold voltage of each of the memory cells to the single comparison voltage.

4. The method of claim 1, wherein all memory cells of the plurality of memory cells are accessible via a

single common word line of a memory array.

5. The method of claim 1, further comprising initiating a decoding operation to decode information
representing whether, for each particular cell in the particular group, the particular cell is in the first set of

states or the second set of states.

6. The method of claim 5, wherein the decoding operation is performed according to a probabilistic coset

coding scheme or an algebraic coset coding scheme.

7. The method of claim 5, wherein the decoding operation includes performing a codeword lookup at a

codebook.
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8. The method of claim 7, wherein the codebook stores multiple coset codes, and wherein performing the
codeword lookup includes selecting a particular coset code of the multiple coset codes based on the

particular group of the data bits that is requested.

9. A method comprising:

at a memory including a group of multiple multi-level cell (MLC) memory cells, performing:

in response to a request for reading first data stored in the group of cells:

selecting a first threshold from a plurality of availéble read thresholds;

sensing each of the memory cells in the group using the selected first threshold; and

based on the sensing using the first tlhreshold, recovering the requested first data; and

in response to a second request for reading second data stored in the group of cells, wherein the second
data is different than the first data:

selecting a second threshold from the plurality of available read thresholds, wherein the second threshold
is different than the first threshold;

sensing each of the memory cells in the group using the selected second threshold; and

based on the sensing using the second threshold, recovering the requested second data,

wherein recovering the requested first data and recovering the requested second data are performed

without use of additional data that depends upon a state of one of the memory cells.

10. The method of claim 9, wherein the memory cells are flash memory cells, wherein the states of the
memory cells are ordered according to a threshold voltage of each of the memory cells, and further
comprising determining whether each cell in the group is in a first set of states or a second set of states by

performing a single sensing of the group of memory cells.

11. The method of claim 10, wherein the single sensing includes selecting a single comparison voltage
and comparing a threshold voltage of each of the memory cells in the group to the single comparison

voltage.

12. The method of claim 10, further comprising initiating a decoding operation to decode information
representing whether, for each particular cell in the group, the particular cell is in the first set of states or

the second set of states.

13. The method of claim 12, wherein the decoding operation is performed according to a probabilistic

coset coding scheme or an algebraic coset coding scheme.

14. The method of claim 12, wherein the decoding operation includes performing a codeword lookup at a

codebook.
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15. The method of claim 14, wherein the codebook stores multiple coset codes, and wherein performing
the codeword lookup includes selecting a particular coset code of the multiple coset codes based on

whether the read data or the second read data is requested.

16. The method of claim 9, wherein all memory cells of the group of memory cells are accessible via a

single common word line of a memory array.

17. A data storage device comprising:

a multi-level cell (MLC) memory including a plurality of memory cells; and

a controller coupled to the MLC merhory, wherein the controller is configured to:

divide data bits into disjoint multiple groups of data bits;

store the data bits into the plurality of memory cells, wherein the storing is performed by setting each of
the plurality of memory cells to a corresponding state selected from at least three ordered states; and

for each of the multiple groups of data bits, when a request is received to read a particular group of the
data bits:

select a disjoint division of the at least three ordered states of the memory cells into a first set of states and
a second set of states, wherein each of the states in the first set of states has a higher position than any of
the states in the second set of states according to the order of the states;

for each cell of the plurality of memory cells, determine whether the cell is in the first set of states or the
second set of states; and

based on determining whether each cell is in the first set of states or the second set of states, generate the
particular group of the data bits in response to the request for reading the particular group of the data bits

without use of additional data that depends on a state of one of the memory cells.

18. The data storage device of claim 17, wherein the memory cells are flash memory cells, wherein the
states of the memory cells are ordered according to a threshold voltage of each of the memory cells, and
wherein the controller is further configured to determine whether each cell is in the first set of states or

the second set of states by performing a single sensing of the plurality of memory cells.

19. The data storage device of claim 18, wherein the single sensing includes selecting a single
comparison voltage and comparing a threshold voltage of each of the memory cells to the single

comparison voltage.

20. The data storage device of claim 17, wherein all memory cells of the plurality of memory cells are

accessible via a single common word line of a memory array.

21. The data storage device of claim 17, wherein the controller is further configured to initiate a decoding
operation to decode information representing whether, for each particular cell in the particular group, the

particular cell is in the first set of states or the second set of states.
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22. The data storage device of claim 21, wherein the decoding operation is performed according to a

probabilistic coset coding scheme or an algebraic coset coding scheme.

23. The data storage device of claim 21, wherein the decoding operation includes performing a codeword

lookup at a codebook.

24. The data storage device of claim 23, wherein the codebook stores multiple coset codes, and wherein
performing the codeword lookup includes selecting a particular coset code of the multiple coset codes

based on the particular group of the data bits.

25. A method comprising:

dividing data bits into disjoint multiple groups of data bits to be stored into memory cells, each of the
memory cells configurable to have an erased state or to be programmed to one of multiple programming
levels;

for each particular group of the multiple groups, selecting an index of each of the memory cells that is to
be programmed to have a first response to a single sense operation corresponding to the particular group,
the first response distinctive from a second response corresponding to each of the memory cells having a
non-selected index, wherein the selected indices correspond to a representation of the particular group of
data bits; and

programming the memory cells according to the selected indices.

26. The method of claim 25, wherein selecting the indices is performed according to a coset encoding
scheme and wherein each particular memory cell is set to the erased state or is programmed to a highest

programming level determined for the index of the particular memory cell.

27. The method of claim 25, wherein each of the memory cells is accessible via a common word line of a

memory array.

28. A data storage device comprising:

a multi-level cell (MLC) memory including a plurality of memory cells; and

a controller coupled to the MLC memory, wherein the controller is configured to:

divide data bits into disjoint multiple groups of data bits;

for each particular group of the multiple groups, select an index of each memory cell of the plurality of
memory cells that is to be programmed to have a first response to a single sense operation corresponding
to the particular group, the first response distinctive from a second response corresponding to each
memory cell having a non-selected index, wherein the selected indices correspond to a representation of
the particular group of data bits; and

programming the memory cells according to the selected indices.
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29. The data storage device of claim 28, wherein the controller is configured to select the indices
according to a coset encoding scheme and wherein each particular memory cell is set to the erased state or

is programmed to a highest programming level determined for the index of the particular memory cell.

30. The data storage device of claim 28, wherein each of the plurality of memory cells is accessible via a

common word line of the MLC memory.
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